Agrobacterium tumefaciens is a phytopathogenic soil bacterium which genetically transforms susceptible plant cells by integrating bacterial DNA into the plant genome (reviewed in references 20 and 40) . The pathogenic activity of A. tumefaciens requires the expression of the virulence (vir) genes, which are encoded by the large (ca. 200-kilodalton) tumor-inducing (Ti) plasmid. The vir genes are transcriptionally activated in response to phenolic compounds such as acetosyringone and certain sugars which are released by wounded plant tissue (29; G. A. Cangelosi, R. G. Ankenbauer, and E. W. Nester, Proc. Natl. Acad. Sci. USA, in press).
Two of the vir genes, virA and virG, are required for the expression of all vir genes (30) . Previous studies have demonstrated that the corresponding gene products are highly homologous to members of a family of two-component regulatory systems (17, 19, 38) . In those bacterial systems one protein senses a specific environmental signal and transfers the information to a second protein via phosphorylation, which in turn regulates the cellular response (for a review see reference 33).
The VirA protein was shown to be a membrane-spanning protein (18, 39) , which agrees with the model of its being a transmembrane receptor sensing the plant signal. The periplasmic region interacts with the galactose-binding protein (ChvE), which plays a key role in the recognition of sugar molecules which activate vir gene transcription (10; Cangelosi et al., in press). VirA is autophosphorylated in vitro at a histidine residue (11, 14) , which is required for its biological activity in vivo (14) .
The VirG protein is a sequence-specific binding protein, which recognizes the vir box, a 12-base-pair cis-acting regulatory sequence required for vir gene induction (7, 15, 23) .
The VirG protein is phosphorylated by the autophosphorylated VirA protein on an aspartic acid residue, which is * Corresponding author.
conserved among all members of the response regulator proteins (13) .
Although a large number of proteins have been identified as members of the sensor/regulator protein family, only a few systems have been biochemically and genetically characterized to determine the mechanism of signal transduction. Signal transfer via phosphorylation of the response regulator protein has previously been shown for CheA/CheY (9), NtrB/NtrC (21, 35) , EnvZ/OmpR (2), and PhoR/PhoB (Makino et al., as cited in reference 22). All regulator proteins share an N-terminal domain, and subfamilies share C-terminal domains.
A mutational analysis of the VirG protein was carried out to elucidate the function of highly conserved amino acids in -VirG. This paper presents these data.
MATERIALS AND METHODS
Bacterial strains and plasmids. A. tumefaciens Mx321 and Mx358 have Tn3Hohol insertions in the virG and virE gene, respectively, of strain A348. Escherichia coli TG1 was supplied with the oligonucleotide mutagenesis kit from Amersham Corp., Arlington Heights, Ill., and was used for all cloning procedures.
The native virG gene clone in the phagemid pTZ18R, called pSW167, and the VirG protein overproducing plasmid pPC401 were described previously (15) . The broad-hostrange vector pUCD2 has been described by Close et al. (6) .
Plasmid constructions. The virG gene on pSW167 was subjected to site-directed mutagenesis by the method of Taylor et al. (34) with a kit provided by Amersham Corp. We used 34-to 36-mer oligonucleotide primers to create the following amino acid changes: D8/N, D9/N, D10/N, D33/N, D47/N, V50/ALE, V51-D52-L53/EEE, D52/N, D59/N, D72/ N, D81/N, D87/N, and D98/N. All mutations created in virG were confirmed by DNA sequencing (27) .
The wild-type virG gene and the mutated virG genes were subcloned as 1.2-kilobase PvuII-Asp718 fragments in the PvuII-Asp718-cut broad-host-range vector pUCD2. To over- Phosphorylation of VirG. The assay for phosphorylation of the purified VirG protein by VirA phosphate has been described elsewhere (13) .
Other methods. The following methods were carried out by published procedures: overproduction, purification, and renaturation of VirG and mutated VirG proteins (15); DNAbinding assays (15) ; DNA footprinting assays (15) ; Western immunoblot analysis (15) ; virulence assays (37) ; and the ,3-galactosidase assay (28) . Plasmids were introduced into A. tumefaciens by triparental mating, using the helper plasmid pRK2073 (8) . the vir genes and tumorigenicity. Broad-host-range plasmids containing the wild-type virG and the various D/N mutants were mobilized into strain Mx321, containing a Tn3Hohol insertion in the virG gene. The inducibility of the virE gene was assayed by immunoblotting the acetosyringone-induced cell extracts with VirE2 antibody. In addition to the mutation at the site of phosphorylation (D52/N), several other D-to-N mutations interfered with VirG function (Fig. 1) . The mutations D47/N and D87/N resulted in a reduced induction level, and the mutations D8/N, D59nN, and D98/N completely abolished induction of the virE operon. The mutated amino acids which affect vir gene induction are either conserved among all response regulator proteins (D8) or close to such residues. These mutations are clustered in three regions: at the very N terminu's with two conserved aspartic acid residues (D8 and D9), at the conserved phosphorylation site (D52), and close to a conserved lysine residue at position 102 (32) .
RESULTS
The effect of the D/N mutations on vir gene induction was reflected in the virulence of these strains (Table 2) . Agrobacterium strains containing VirG mutations which did not abolish vir gene induction were virulent on Kalanchoe leaves. The mutations D47/N and D87/N, which resulted in reduced levels of induction, were attenuated in virulence (D47/N) or had lost virulence (D87/N).
Effect of the mutations on phosphorylation. In further experiments we tested whether the loss of biological activity of the various mutated VirG proteins was due to a lack of phosphorylation. The mutated virG genes were overproduced in E.' coli under the control of the lac promoter, purified, and incubated with autophosphorylated VirA protein. A distinct difference exists between mutations at conserved and nonconserved aspartic acid residues ( Fig.  2 ; Table 2 ). The mutation of the conserved aspartic acid D8 results in a nonphosphorylatable protein, as shown previously for the mutation of the conserved phosphorylation site D52 (13) . The biologically inactive mutants VirGD59/N and VirGD98/N were still phosphorylatable by VirA phosphate in vitro. These results demonstrate that the alteration of the biological activity in aspartic acid-to-asparagine mutations at D8 and D52 was due to the lack of phosphorylation. The mutations D59/N and D98/N probably interfere with the ability of the protein to assume an activated configuration.
All virG mutants which complemented the virG mutation are VOL. 172, 1990 on August 27, 2017 by guest http://jb.asm.org/ Downloaded from phosphorylated by VirA. These data demonstrate that the phosphorylation of VirG is required but not sufficient for its activity as a transcriptional activator of the vir genes and that activation probably requires a transient conformational change.
Analysis of other mutations at the phosphorylation site. To further understand the mechanism of VirG activation, we tested the hypothesis that the negative charge is the major effect of phosphorylation of the VirG protein.
To mimic this charge effect, we substituted the phosphorylatable aspartic acid and its two neighboring amino acids with negatively charged glutamic acid residues. The mutated protein is inactive as a transcriptional activator of the virulence genes, and the corresponding Agrobacterium strain is avirulent ( Fig. 1 ; Table 2 ). Moreover, purified VirGV51DL/EEE was not phosphorylated by VirA (data not shown). This result shows that charged amino acids cannot substitute for phosphorylation in VirG activation. Although glutamic acid may also be phosphorylated to form an acyl-phosphate, the VirA protein apparently transfers its phosphate only to aspartic acid.
The OmpR protein belongs to the same subclass of response regulator proteins as VirG (4). Both proteins share homologous N-and C-terminal regions, and both transcriptionally activate other genes. A mutation in a conserved N-terminal amino acid sequence was previously found to abolish OmpR function (12) . The mutation consisted of the substitution of a valine residue by the tripeptide sequence alanine-leucine-glutamate (V/ALE). The corresponding valine residue in VirG is located 2 amino acids N-terminal of the phosphorylatable aspartic acid residue. To test whether the V/ALE mutation affects phosphorylation we introduced the V50/ALE mutation into the virG gene. This resulted in a nonphosphorylatable gene product which could not complement wild-type VirG function in vivo ( Fig. 1; Table 2 ).
Phosphorylation is not required for sequence-specific binding. Gel retardation assays were carried out to analyze whether binding of VirG to the cis-acting regulatory sequence depended on its being phosphorylated. The wild-type protein, as well as phosphorylatable and nonphosphorylatable mutated proteins, specifically retarded DNA fragments containing the virE promoter in the presence of a 1,000-fold excess of competitor (calf thymus) DNA (Fig. 3) (Fig. 4) . The C-terminal domain was overproduced by deleting an internal virG fragment in the virG-overproducing plasmid pPC401 corresponding to amino acids 11 to 112 (Fig. 4) . The deleted N-terminal fragment corresponds to 43% of the gene. The purified N-and C-terminal domains are shown in Fig. 4 .
Gel retardation assays were carried out to test the ability of the N-and C-terminal domain of the VirG protein to bind specifically to a vir gene promoter. The overproduced domains of the VirG protein were gel purified and renatured as R , % R _F~~~F IG. 5 . Binding of the N-and C-terminal domains of VirG to virB promoter DNA. The same DNA probe as in Fig. 3 was used for the binding assay. Lanes: 1, free probe (F); 2, N-terminal domain; 3, VirG; 4, C-terminal domain. The retarded bands (R) are indicated by arrowheads.
described for the native-size VirG (15) . The C-terminal domain specifically retarded a virB promoter fragment in the presence of a 1,000-fold excess of competitor DNA (Fig. 5) . The N-terminal domain did not bind. The labeled fragment from the virB structural gene was not retarded (data not shown).
To determine whether the binding sequence of the C-terminal domain was the same as the VirG protein, we performed a DNase I footprinting analysis by using the retarded band shown in Fig. 5 , lane 4. The C-terminal domain specifically protected about 80 nucleotides on both strands (Fig. 6) . The protected area covered both vir boxes of the virB promoter, and the two vir boxes are located in the center of the protected area. This pattern is identical to that obtained previously with the native-size VirG protein (15) .
To test the phosphorylation of the N-terminal and C-terminal domains, we incubated both with autophosphorylated VirA protein. Neither of the overproduced domains was phosphorylated by VirA as indicated by the lack of radioactive label at the position of the two low-molecular-weight proteins (data not shown). This result has been confirmed with several independent preparations of the truncated proteins.
DISCUSSION
A growing number of proteins have been identified as members of a family of two-component regulatory systems (32) which play a key role in cells responding to their environment. However, only a few systems have been studied in detail, and so far data on the effect of specific amino acid substitutions on the biological activity of response regulator proteins are available only for the CheY protein of the chemotaxis system (5, 26) . We have conducted a mutational analysis of the VirG protein, which belongs to a different subfamily from that of CheY (4) .
By mutating all of the aspartic acid residues, not only those that are conserved, we hoped to demonstrate the specificity of the expected effects at the conserved amino acids. In addition, this approach introduced point mutations evenly throughout the N-terminal domain. The presented data reveal that two of three conserved aspartic acid resi- (Fig.  7) . In each protein only one of two neighboring conserved aspartic acid residues at the end of the N terminus was important for the phosphorylation reaction, although the position is inverted. Since a third aspartic acid or a glutamic acid residue follows in most of the homologous regulator proteins (including VirG), our protein data may reflect the situation in the majority of these proteins. The three-dimensional structure of the CheY protein shows that the conserved aspartic acid residues are clustered and form an acidic pocket (31) . A conserved lysine residue was shown to be in close proximity to this structure. Our data demonstrate that the region containing the corresponding lysine residue is critical for VirG function, suggesting that the mechanism of phosphorylation of the VirG protein, as well as its threedimensional structure, is very similar to that of CheY. (16) . Alternatively, it may reflect a fundamental difference betweenI VirG and OmpR. The C-terminal domain of the VirG protein was shown to be sufficient for sequencespecific binding to the cis-acting regulatory sequence. A helix-turn-helix motif has been identified previously in this region as a putative DNA-binding site (24) . The DNAbinding ability of the corresponding domain of OmpR was also shown to be independent of the N-terminal domain (16) . The 
